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ABSTRACT Recent research suggested greater sage-grouse (Centrocercus urophasianus; hereafter, sage-
grouse) fence collision may be widespread, and fence-marking methods have been developed for reducing
prairie-grouse collision in sagebrush-steppe habitats. However, research also suggested sage-grouse collision
was highly variable, and managers implementing mitigation desire targeting tools to prioritize mitigation
efforts as a function of risk. We fit collision-risk models using widely available covariates to a sage-grouse
fence-collision data set from Idaho, USA, and developed spatially explicit versions of the top model for all
known sage-grouse breeding habitats (i.e., within 3 km of leks) in 10 of 11 western states where sage-grouse
are found. Our models prioritize breeding habitats for mitigation as a function of terrain ruggedness and
distance to nearest lek, and suggest that a relatively small proportion of the total landscape (6–14%) in each
state would result in >1 collision over a lekking season. Managers can use resulting models to prioritize
fence-marking by focusing efforts on high risk landscapes. Moreover, our models provide a spatially explicit
tool to efficiently target conservation investments, and exemplify the way that researchers and managers can
work together to turn scientific understanding into effective conservation solutions. � 2013 The Wildlife
Society.
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Collision with elevated structures is a common phenomenon
for many species of grouse (Catt et al. 1994, Baines and
Summers 1997, Wolfe et al. 2007, Stevens et al. 2012a).
Early research from Europe reported grouse among the most
common infrastructure-collision victims, and suggested
tetraonid collision susceptibility may be a function of
morphology (e.g., heavy body wt, high wing loading; Baines
and Summers 1997, Bevanger 1998, Bevanger and Brø-
seth 2000, Janss 2000). More recently, research in North
America suggested prairie-grouse are susceptible to collision
with fences (Patten et al. 2005, Wolfe et al. 2007, Stevens
et al. 2012a). Fence collision was attributed to 39.8% of
mortality for lesser prairie chickens (Tympanuchus pallid-
icinctus) in Oklahoma, USA (Wolfe et al. 2007), and
uncorrected mean fence-collision rates of 0.38–0.41 strikes/

km were reported for greater sage-grouse (Centrocercus
urophasianus; hereafter, sage-grouse) during the breeding
season in Idaho, USA (Stevens 2011). Fences and other
anthropogenic structures are ubiquitous across western
North America (Braun 1998, Knick et al. 2011); however,
population-level impacts of prairie-grouse collision are
poorly understood.
Infrastructure marking is a commonly suggested conserva-

tion strategy for reducing avian–infrastructure collision
(Baines and Andrew 2003, Wolfe et al. 2009, Stevens
et al. 2012b). Power-line markers appear to reduce collision
for a variety of avian species (Morkill and Anderson 1991,
Brown and Drewien 1995, Savereno et al. 1996, Barrientos
et al. 2011), but assessments of fence-markers are less
common. However, orange barrier netting reduced wood-
land grouse fence-collision in Scotland (Baines and
Andrew 2003). Moreover, fence-marking methods have
been developed for North American prairie grouse (Wolfe
et al. 2009; Fig. 1), and evidence from Idaho suggested
marking reduced the count of sage-grouse collisions by 83%
during the breeding season (Stevens et al. 2012b).
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Managers are forced to make decisions with incomplete
information and constrained budgets, and efficient allocation
of resources promotes the greatest return on conservation
investments (Bottrill et al. 2008). Targeting conservation to
ensure that funds are allocated efficiently is often referred to
as triage, a process that provides transparency and forces
managers to consider opportunity costs of management
actions (Bottrill et al. 2008). Sage-grouse collision appears
highly variable within and between regions (Stevens
et al. 2012a, b). Variation in collision risk suggests mitigation
is unnecessary at many sites and prioritizing mitigation as a
function of risk may enable cost-effective implementation of
mitigation efforts (Stevens et al. 2012a, b). Thus, small but
targeted investments could potentially alleviate much of the
fence-collision risk in breeding habitats, freeing up resources
for other conservation efforts.
The science behind conservation planning is often not

conducted in partnership with managers, further complicat-
ing management decisions and resource allocation. Instead,
researchers often conduct studies with little input from end
users and hope the conservation community finds it useful
(Knight et al. 2008). Steps to alleviate this research-
implementation gap include sourcing research questions
directly from managers, fostering relationships between
researchers and managers, and linking research to imple-
mentation of conservation actions. Research showing that
fence marking can reduce sage-grouse collisions (Stevens
et al. 2012b) has spurred fence-marking efforts on public and
private lands across 11 western states. However, sage-grouse
occupy vast areas of western North America (Schroeder
et al. 2004), and wildlife managers desire spatially explicit
targeting tools to maximize their return on conservation
investments. Therefore, the objective of this study was to
bridge the research-implementation gap by developing
spatially explicit fence-collision-risk models for sage-grouse
in breeding areas across the western United States.
Specifically, we developed models by re-analyzing landscape

factors influencing collision risk from Stevens et al. (2012a),
and applied resulting models to spatially predict and map
fence-collision risk for all known sage-grouse breeding
habitats in 10 of 11 western states.

STUDY AREA

We developed raster-regression models for areas within
3 km of all known and active sage-grouse leks (n ¼ 4,684) in
10 of 11 states currently supporting sage-grouse. We used
the most recently developed range-wide lek database for this
analysis. The database was originally developed by Connelly
et al. (2004), but has since been updated to reflect lek
locations discovered and leks lost from 2004 to 2007 (Garton
et al. 2011, Knick and Hanser 2011). Therefore, our analyses
included all known and active sage-grouse leks as of 2007,
although two states (ID and NV) provided lek location data
updated through 2011.

METHODS

Stevens (2011) described a cluster sampling design used to
survey fences in sage-grouse breeding areas of southern
Idaho (2009: n ¼ 16 sites; 2010: n ¼ 14 sites), where
1 � 1-km sampling units were randomly selected and
surveyed during the breeding season at each site (Mar–
May; 2009: n ¼ 60 clusters; 2010: n ¼ 80 clusters). The
number of sage-grouse collisions per square km was recorded
for each sampled cluster, and clusters were sampled on >1
occasion when possible, resulting in 224 collision-count
observations (Stevens 2011). Stevens et al. (2012a) modeled
these collision counts as a function of covariates, including
distance from each 1 � 1-km cluster’s centroid to the nearest
active lek, lek size (i.e., max. count) at the nearest lek, and a
terrain ruggedness index (TRI; Riley et al. 1999). However,
Stevens et al. (2012a) did not account for potential bias
caused by removal of collision remains by scavengers, and
only used a subset of collision-count observations represent-
ing the first sampling event at each site (n ¼ 123).
Therefore, we extended the analyses of Stevens et al.
(2012a) and 1) used all 224 collision-count observations,
2) incorporated field-experiment data used to measure
removal of collision evidence by scavengers, 3) used newly
developed statistical models to combine collision-count data
with removal-experiment data using joint-likelihood prin-
ciples to estimate collision and removal process parameters,
and 4) developed spatially explicit raster models to
extrapolate estimated collision risk to all known sage-grouse
breeding areas in 10 of 11 currently occupied states.
We modeled sage-grouse fence-collision counts from

Idaho as a function of lek size, distance to lek, and TRI
using a stochastic-process model for collision-count data
developed by Stevens and Dennis (2013). Stevens et al.
(2011) showed that removal of collision evidence prior to
fence-collision sampling (i.e., evidence-removal bias) can be
large, and removal of collision remains varied across regions
of southern Idaho. The model used for our analyses predicts
collision-count data with a generalized-regression approach
that accounts for removal of collision evidence and
accommodates covariates on collision- and removal-process

Figure 1. Male greater sage-grouse displaying on a lek directly beside a
marked fence on an Idaho, USA, study site. Reflective fence markers were
shown to reduce sage-grouse collision counts by approximately 83% in high-
risk breeding habitats (Stevens et al. 2012b).
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parameters (Stevens and Dennis 2013). The model
treats instantaneous collision counts as a stochastic-linear-
immigration-death (SLID) process (Matis and Kiffe 2000),
whereby Poisson arrivals represent addition of collisions to
the system (immigration) and proportional deaths remove
evidence from a site. The SLID model combines collision-
count and removal-experiment data sets to estimate collision
(u) and removal (c) rate parameters using joint likelihood.
Stevens and Dennis (2013) showed that regional variation in
evidence removal can result in order-of-magnitude differ-
ences in expected collision counts between regions with
identical collision rates. Thus, the removal rate (c) is,
in effect, a nuisance parameter, and failing to account for
evidence removal when modeling avian-collision counts
results in parameter estimates that are difficult to interpret
(Stevens and Dennis 2013).
We combined data from collision-count surveys

(Stevens 2011) with carcass-removal-experiment data (Ste-
vens et al. 2011) to estimate parameters of the SLID model.
We fit 14 total models and compared models using Akaike’s
Information Criterion (hereafter, AIC; Akaike 1973). We
fit models using the log link function and seven different
covariate combinations, where collision (u) was modeled as a
function of distance to lek, lek size, and TRI, and removal (c)
was modeled as a function of a binary variable indicating
study region (i.e., region of ID where removal experiments
were conducted; 1 ¼ southeast Idaho, 0 ¼ Magic Valley
region). For the region-specific removal, fences west of
Craters of the Moon National Monument were considered
the Magic Valley, whereas fences east of this location were
located in southeast Idaho. We fit each of the seven covariate
combinations using the transient and stationary versions
of the model, by numerically maximizing the transition
(i.e., time dependent) and stationary (i.e., equilibrium and
time-independent) distribution joint likelihoods (Stevens
and Dennis 2013). We generated profile-likelihood confi-
dence intervals for all model parameters and conducted
goodness-of-fit testing for the most supported model
(Stevens and Dennis 2013). We used leave-one-out cross-
validation and root-mean-squared error to evaluate predic-
tion success, calculating square root of the average squared
error between predicted and observed collision counts for
each model. We used the R statistical computing language

for all model fitting and analyses (R Core Development
Team 2006).
We developed spatially explicit models to predict collision

as a function of covariates from the top SLIDmodel. Because
fence sampling in Idaho focused on areas within approxi-
mately 3 km of leks, we buffered all range-wide lek locations
by 3 km in a Geographic Information System (GIS; ArcMap
10.0) and focused spatial analyses in these areas. We
downloaded U.S. Geological Survey 30-m digital elevation
models for each state (www.seamless.usgs.gov; accessed 7–9
Feb 2012), and calculated TRI for each 30-m pixel using
ArcInfo. We calculated distance from each 30-m pixel to the
nearest sage-grouse lek in GIS using the Euclidean distance
function. Lastly, we used the raster calculator in GIS
to extrapolate maximum-likelihood estimates of the total
number of sage-grouse collisions over a lekking season
for each 30-m pixel as a function of distance to lek and
TRI, assuming a 78-day lekking season (15 March to 31
May; ŷ¼ 78 � exp(b0 þ b1 � TRI þ b2 � distance)). The
SLID model explicitly accounts for evidence-removal bias in
collision-count data, but does not account for detection error.
Thus, our spatially-explicit models portray relative collision
risk rather than absolute risk. Moreover, the predicted
number of collisions for each 30-m pixel is entirely
dependent on fence presence; obviously, not all pixels across
the landscape have fences present. Lastly, we used an
example collision-risk threshold of >1 collision/lekking
season, and calculated the proportion of the 30-m pixels
with a collision risk above this value for each state.

RESULTS

Modeling identified TRI and distance to lek effects on
collision rates, and regional differences in removal of
collision evidence (DAIC ¼ 0; Table 1). The top model
suggested collision decreased with increasing TRI (b ¼
�0.25; 95% CI ¼ �0.48 to �0.10; Fig. 2) and increasing
distance from the nearest sage-grouse lek (b ¼ �0.0006;
95%CI ¼ �0.00115 to�0.00008; Fig. 2). Thus, an increase
in topographic variation at a site and moving farther from
a lek location strongly reduced the number of collisions
predicted over a lekking season (Fig. 2), and sites predicted to
be high risk were concentrated on flat areas in relatively close
proximity to leks (Fig. 3). Goodness-of-fit testing failed to

Table 1. Model rankings for the stochastic linear-immigration-death model fit to the greater sage-grouse fence-collision data set from southern Idaho, USA.
Covariates were size of nearest lek (lsize), distance to nearest lek (dist), terrain ruggedness index (TRI), and region (SE ID ¼ 1, Magic Valley ¼ 0; Stevens
et al. 2011). Models were ranked and compared using Akaike’s Information Criterion (AIC; Akaike 1973).

Modela,b Kc DAIC AIC

u(TRI þ distance) c(region) 5 0 403.505
u(TRI þ lsize þ distance) c(region) 6 1.582 405.086
u(TRI) c(region) 4 3.153 406.658
u(TRI þ lsize) c(region) 5 4.581 408.086
u(distance) c(region) 4 12.210 415.715

a Model form is log(u) ¼ b0 þ b1Y1 þ … þ bkYk and log(c) ¼ g0 þ g1Y1 þ … þ gkYk, where u ¼ daily collision rate and c ¼ per capita daily removal
rate (Stevens and Dennis 2013).

b All top models were fit using the transient joint likelihood for collision-count observations after the first sampling occasion (Stevens and Dennis 2013). No
models fit using the stationary joint likelihood for all count observations were supported by the data (DAIC > 19).

c K ¼ no. of model parameters.
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reject the hypothesis that the top model fit the data
(P ¼ 0.16, x2249 ¼ 271.22), and cross-validated prediction
error was similar among top three models (range ¼ 0.634–
0.648). The raster regression models demonstrated the large
variability of predicted collisions per 30-m pixel across the
landscape, and suggested that a relatively small proportion of
the total landscape (6–14%) in each state would result in >1
collision over a lekking season (Fig. 3; Table 2). Despite
spatial variation in collision risk, Idaho, South Dakota,
California, Montana, and Oregon all had>10% of their area
within 3 km of active leks with >1 predicted collision over a

lekking season (Table 2). Montana (465,631 ha), Wyoming
(295,770 ha), and Idaho (214,184 ha) had the greatest total
area with >1 predicted collision over a lekking season
(Table 2). In contrast, Utah (6.3%), North Dakota (7.3%),
and Washington (7.5%) had the lowest percentage of pixels
within 3 km of leks with >1 predicted collision over a
lekking season due to increased terrain ruggedness near lek
locations (Table 2).

DISCUSSION

We created spatially explicit decision-support tools for
wildlife and habitat managers who are marking fences to
reduce sage-grouse collisions. Many previous avian-collision
studies focused on known high-risk sites or used conve-
nience-sampling methods to measure collision frequency,
limiting generality of results and inferences. Moreover, rapid
removal of collision remains can decrease accuracy of
collision counts and bias estimates of collision totals
(Smallwood 2007, Huso 2011, Stevens et al. 2011). We
attempted to avoid pitfalls in study design by randomly
sampling fences from sites spread across southern Idaho
(n ¼ 14–16 sites; Stevens et al. 2012a), measuring evidence
removal with field experimentation (Stevens et al. 2011), and
combining these data sets to model collision (u) and removal
(c) as a function of covariates using joint likelihood and
generalized regression (Table 1). The models identified
terrain ruggedness and distance from the lek metrics as
drivers of fence-collision risk (Fig. 2; Stevens et al. 2012a).
We hypothesize that collision risk is ultimately influenced by
grouse flight behavior in flat terrain, where grouse fly low
into leks before dawn and are thus vulnerable to colliding
with fences.We found some evidence for the effect of lek size
on collision (DAIC ¼ 1.5; Table 1). However, our analyses
suggested topography and distance were better predictors of
collision than counts of displaying males on leks. This does
not necessarily mean that local abundance does not influence
collision risk, and measurement error in lek count indices
may have attenuated the estimated effect on collision.
Moreover, other covariates influencing sage-grouse collision
were intentionally excluded from our analyses because they
were not available at the range-wide extent (e.g., fence
density; Stevens et al. 2012a). Regardless, terrain ruggedness
attenuated other covariate effects and drove collision risk to
nearly zero at moderate–high values (Fig. 2).
This study bridges the research-implementation gap by

working in partnership with managers implementing
mitigation measures to design user-friendly maps that
suggest where targeted investments could alleviate much
of the breeding season collision risk, freeing up resources for
more pressing conservation concerns (Knight et al. 2008,
Black and Groombridge 2010). Our models suggest that
most of the breeding-area landscape across the West has low
collision risk. As such, these models facilitate appropriate
regional-scale resource allocation, by suggesting that
targeted marking efforts may be beneficial to sage-grouse
but that marking efforts are not necessary near all leks. We
developed these maps at broad scales using covariate data
that are widely available (e.g., terrain ruggedness); additional

Figure 2. Maximum-likelihood estimates of total number of greater
sage-grouse fence collisions over the 78-day lekking season from the top
stochastic-linear-immigration-death model fit to data from southern Idaho,
USA. Collision was a function of terrain ruggedness (TRI) and distance to
the nearest lek. Maximum-likelihood estimates of total collisions from the
top model ¼ 78 � exp{b0 þ b1 � TRI þ b2 � distance}.

Figure 3. Example of spatially explicit fence-collision-risk maps from
greater sage-grouse breeding habitats of southern Idaho, USA. Collision
risk was a function of terrain ruggedness (TRI) and distance to the nearest
lek. Maximum-likelihood estimates of total collisions (i.e., risk) from the
top stochastic-linear-immigration-death model ¼ 78 � exp{b0 þ b1 �
TRI þ b2 � distance}.
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information at local scales (e.g., fence locations or densities,
local space use) can be used to further inform management
actions. Thus, our models can be used for local-scale
planning by managers working in conjunction with local
working groups and private landowners. Moreover, these
models enable the linkage of management action to collision
risk, which promotes effective resource use and minimizes
the inefficient strategies of mitigating collision risk randomly
or everywhere (Black and Groombridge 2010). Lastly, our
example threshold of >1 collision/season was somewhat
arbitrary, and maps with any desired risk threshold could be
constructed in a GIS to delineate areas for fence marking or
moving.
Our models provide a useful tool but they should also serve

as testable hypotheses, andmodel validation is a valuable next
step because spatial extrapolation and simplifying assump-
tions can lead to erroneous predictions (Miller et al. 2004). A
model predicting blue crane (Anthropoides paradiseus) power-
line collision in South Africa did not successfully predict
high-risk sites (Shaw et al. 2010), but the model was based on
expert opinion instead of a designed field study. Our model
projected predictions at the 1 � 1-km scale onto 30-m pixels
across sage-grouse breeding habitats, and with the exception
of distance to lek, we assumed collision risk was independent
of each pixel’s position on the landscape, both of which could
induce error in spatial extrapolation (Miller et al. 2004). Our
models also extrapolated collision risk observed in Idaho to
other western states, implicitly assuming the relationship
observed between collision risk, terrain ruggedness, and lek
location remains similar in other regions (Miller et al. 2004).
However, prioritizing management actions using the best
available science is better than proceeding with mitigation in
an unorganized fashion (Miller et al. 2004). Moreover, our
results are predicated on the presence of fences at each 30-m
pixel. Thus, the true total area (i.e., no. of ha) of high
collision risk in sage-grouse breeding areas will likely be
considerably less than our models predicted because fences
are not present at all sites. Lastly, our spatially-explicit
models do account for removal error, but do not account for
detection error and thus produce predictions of relative

collision frequency over a breeding season. Predictions of
relative collision frequency and cross-scale extrapolation of
predictions complicate the assessment of demographic
effects on grouse populations. Hierarchical statistical models
for avian-collision data incorporating both detection and
evidence-removal error are a necessary next step that should
facilitate predictions of the absolute number of collisions over
time as a function of covariates.
We caution readers against making direct inferences to

population-level benefits resulting from reduced sage-grouse
collision risk. We cannot say, for example, how many sage-
grouse would be added to a population by reducing collisions
because we lack demographic data to know whether
populations can compensate for mortality via increased
productivity. Population-level impacts of sage-grouse fence
collision also likely depend on proportional mortality of male
and female grouse, which is currently unknown (Stevens
et al. 2012a). Moreover, the ability to compensate for
collision mortality probably varies spatially, further compli-
cating our ability to predict the number of birds added to a
population as a result of fence-marking efforts. Future work
addressing demographic consequences of sage-grouse colli-
sion and the conditions under which we would expect
additive collision mortality should be a research priority.

MANAGEMENT IMPLICATIONS

These findings help guide implementation of the Natural
Resources Conservation Service’s Sage Grouse Initiative and
provide decision support to others working in sage-grouse
conservation. We attempted to bridge the research-
implementation gap by applying our model to 4,684 known
lek sites across 10 western states, and provided our GIS-
based tool to Natural Resources Conservation Service
practitioners and the state wildlife managers responsible
for management of sage-grouse populations. Managers can
use this tool to identify high-risk fences and to build new
fences away from high-risk areas while still accomplishing
grazing objectives. To facilitate use we also developed a how-
to instructional guide and conducted multiple web-based
training sessions. Lastly, we made our decision-support tool

Table 2. Summary statistics from spatially explicit fence-collision models in sage-grouse breeding habitats across the western United States. Statistics are:
mean and standard deviation (SD) of predicted collision count per 30-m pixel, percent of the landscape (i.e., percent of total pixels) with >1 predicted
collision over the lekking season (% >1 collision), and the number of hectares within 3 km of known leks (i.e., no. of pixels � 0.09 ha/pixel) with >1
predicted collision over the lekking season for each state. Both the percent of landscape and total area (ha) with >1 predicted collision over the lekking season
are predicated on the presence of fence in each 30-m pixel.

State x SD % > 1 collisiona Area (ha) > 1 collision

ID 0.509 0.472 14.413 214,184
SD 0.563 0.413 13.107 6,933
CA 0.426 0.450 11.381 15,303
MT 0.477 0.415 11.157 465,631
OR 0.435 0.436 10.886 91,305
WY 0.422 0.403 9.239 295,770
NV 0.393 0.399 8.544 107,758
WA 0.397 0.375 7.531 4,715
ND 0.394 0.376 7.330 3,964
UT 0.319 0.369 6.264 28,380

a Max. of the predicted no. of collisions per 30-m pixel over a breeding season ¼ 3.027 birds.
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available to the Bureau of Land Management, the federal
agency managing >50% of remaining sage-grouse habitats
and currently revising their land-use plans for lands that
include sage-grouse habitat. We encourage those interested
in sage-grouse conservation to contact their state fish and
wildlife agency to learn how to obtain a copy of the decision-
support tool. Lastly, we remind managers that fence marking
in other seasonal habitats, including areas of high sage-
grouse concentration during winter, could potentially
reduce fence strikes, but resulting benefits have not been
measured.
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